The resonance problem of multi-paralleled grid-connected inverters with inductance-capacitance-inductance (LCL) filters is a core matter which bothers the safety and stability operation of new energy distribution networks. Based on the impedance model of the paralleled system of two inverters, the influence of inverters on grid-connected current was analyzed through the superposition principle, and the grid-connected current was decomposed. The resonant mechanism generated by interactive current and the common current was studied, and the resonance frequency characteristics were compared and analyzed by a paralleled system using the same and differently rated power inverters. Based on the resonance frequency generated by interactive current, a digital notch filter was introduced into the traditional capacitance current active damping control scheme, which realized the non-static control of base wave signal and satisfied the standard of multi-paralleled grid-connected inverters with LCL filters. Finally, simulation results verified the correctness and validity of the proposed strategy.
Introduction
In recent years, with the increasingly prominent energy and environmental problems, renewable energy grid-connected generation technology has received more and more attention, and grid-connected inverters are the core component of wind energy, photovoltaic power generation, as well as other distributed generation systems [1, 2] . Compared with L-type filters, inductance-capacitance-inductance (LCL)-type filters have a strong capability to suppress high-frequency harmonics and have the advantages of small size and low cost. They are widely used in all kinds of grid-connected equipment [3] . In practical applications, single LCL grid-connected inverters can meet the grid-connected requirements [4, 5] . However, when multiple LCL grid-connected inverters operate simultaneously in parallel, the system will have resonance and instability. The resonance problem of parallel operation of multiple grid-connected inverters has affected the large-scale popularization and application of new energy grid-connected generation technology [6, 7] . Therefore, it is of great significance to study the grid-connected resonant principle of multiple grid-connected inverters and its resonant suppression strategy.
To solve the problem of resonance in parallel systems of multiple grid-connected inverters, domestic and foreign scholars have carried out many studies. Reference [8] proposed a modeling and control method for a multi-grid-connected inverter system and points out that when N grid-connected inverters are parallel connected, the equivalent grid impedance of a single grid-connected inverter in the system can be equivalent to N times the actual grid impedance. References [9] [10] [11] analyzed the influence of grid impedance on the LCL resonance characteristics of multi-grid-connected inverters, although these methods analyze the multi-grid-connected inverters. The resonance mechanism of parallel inverters is not considered, and the interaction between grid-connected inverters is not considered. In order to discuss the interaction between grid-connected inverters, a direct analysis method based on equivalent grid impedance was proposed in [12] . The resonance frequency characteristics and stability of the system are analyzed. In [13] , the interaction under weak grid conditions was discussed, the concepts of interactive current and common current are proposed, and the stability of the system into interactive stability and common stability is also analyzed; discontinuous pulse width modulation (DPWM) for a grid-connected inverter system using an LCL-filter was proposed [14] , and a virtual impedance-based bandwidth control method for multi-parallel harmonic-compensation grid-connected inverters is proposed [15] . On the basis of references [12] [13] [14] [15] , reference [16] revealed the resonance phenomenon caused by the interactive current, and analyzes the influence of the interactive resonance between inverters on the resonance and dynamic characteristics of the system. However, in [12] [13] [14] [15] [16] it was assumed that the parameters and control strategies of all grid-connected inverters are the same. In practical applications, due to the difference of grid-connected capacity, output current and LCL filter parameters, the resonance frequency and the number of resonance peaks of grid-connected systems with multiple grid-connected inverters will be directly affected, which makes it difficult to analyze the resonance characteristics of parallel systems with multiple inverters. Therefore, the literature on parallel systems of different capacity inverters is rarely involved [17] . The passive damping is a convenient possibility to tackle the resonance problem at the cost of overall system efficiency. In contrast, active damping does not require any dissipation elements, and a notch filter based active damping without the requirement of additional sensors is introduced [18] .
In order to deeply study the resonance mechanism of multi-grid inverter parallel system, this paper takes two grid-connected inverters as an example and analyzes the influence of each inverter on grid-connected current using the superposition theorem. The grid-connected current was decomposed, and the resonance frequency point characteristics of the parallel system of the same and different capacity grid-connected inverters were compared and analyzed. A digital notch filter was designed based on the resonant frequency points generated by the interactive current in the parallel system of multi-inverters. It was introduced into the traditional capacitive current feedback active damping control to realize the suppression of the multi-resonant frequency points in this system and meet the grid-connected requirements of the system. Finally, the parallel system simulation models of the same and differently rated capacity inverters were built in the MATLAB/Simulink simulation platform (2017a, MathWorks, Natick, MA, USA), which verifies the feasibility of the proposed strategy for parallel operation of multi-grid-connected inverters in the weak power grid.
Structure and Control Model of Two Inverters Parallel System

Parallel Topology of Two Grid-Connected Inverters
The parallel topology of the two inverters is shown in Figure 1 . Each group of inverter units is connected to the point of common coupling (PCC) through the LCL filter, and connected to the grid via the grid impedance. In Figure1, Z1n, ZCn, and Z2n are inverter side inductance, filter capacitor capacitance and grid side inductance of the inverters n (n = 1,2), respectively; Zg is the inductance of the grid; Udcn is the direct current (DC) side voltage of the inverters n; Ug is the grid voltage; u0n is the output voltage of the inverters n, I2n is the output current of the inverters n, and Ig is the total current of the grid. 
Stability Analysis of Single Grid-Connected Inverter
The current loop control structure of a single grid-connected inverter is shown in Figure 2 . A single grid-connected inverter was connected to the grid by independent active capacitive current feedback. For a grid-connected inverter, the primary objective is to control the grid-connected current i2n to synchronize with the grid voltage Ug and to track its amplitude to the given value I2n * . Ug phase is usually obtained by phase-locked loop (PLL), I2n * is generated by the external voltage loop, and H2n is the sampling coefficient of grid-connected current. The sampling signal of I2n is compared with its reference value I2n * and the error signal is fed into the current regulator Gi(s). Active damping of the resonant peak of LCL filter is realized by feedback capacitive current iCn, and H1n is capacitive current feedback coefficient. The modulation wave uM can be obtained by subtracting the feedback signal uiC of iCn from the output ur of the controller Gi(s). If the damping suppression is not used in a single grid-connected inverter, then: According to Figure 2 , the current loop s-domain control model in the dq coordinate system of the inverter can be derived, as shown in Figure 3 . KPWM is the transfer function from modulation signal uM to output voltage u01 of the inverter bridge. The loop gain of output current i2 from Figure 3 is:
The transfer function from the output voltage u01 to the output current i2 of the inverter bridge is as follows:
From Equations (2) and (4), it can be seen that the influence of active damping control strategy on single grid-connected inverter is as follows:
From Equations (2) and (5) From the analysis of Figures 4 and 5, it can be seen that when the impedance Lg of the power grid increased gradually, the resonance frequency of the system moved to the low frequency band, and the damping suppression effect of active damping also moved and corresponded to it one by one. This is due to the fact that the capacitive current feedback coefficient Hi1 can still damp the resonance of the system under the condition of satisfying the interval range [19] . 
It can be seen that although the resonance frequency of the single inverter designed under ideal conditions is offset when it is connected to the grid under weak grid conditions, the active damping of capacitive current feedback will still have a damping suppression effect on the resonance of the system and make the system run stably.
When a single grid-connected inverter is connected to the grid, the single resonance peak generated by the interaction between LCL filter and power grid can be effectively suppressed by using the traditional capacitive current feedback active damping method. When multiple inverters are running in parallel at the same time, due to the existence of mutual resonance between inverters, resonance or instability will appear in the system.
Modeling and Resonance Analysis of Two Inverters Parallel System
Impedance Model of Parallel System
For the system, the grid voltage Ug can be regarded as a disturbance, and it has no effect on the damping of the resonant peak of the LCL filter. To facilitate the analysis of the relationship between the two inverters, the output voltage u0n of the inverter bridge can be equivalent to a voltage source, and the system control block diagram can be simplified to Figure 6a . The parallel system of two inverters is a multi-input and multi-output system, in which u0n is the input variable and i2n is the output control variable. Because inverters 1 and 2 adopt the same circuit structure and control mode, this paper takes the grid-connected current i21 of inverters 1 as an example to analyze. Because a group of inverters operate in parallel, the output voltage u0n of each group of inverters will affect the grid-connected current i21. The relationship between grid-connected current i21 and output voltage u0n of the inverter bridge is analyzed by the superposition principle.
As shown in Figure 6b ,c, the system can be divided into two parts: one is the effect of the output voltage u01 of inverter bridge 1 on the grid-connected current i21; the other is the effect of the output voltage u02 of inverter bridge 2 on the grid-connected current i21. Therefore, for a multi-inverter parallel system, there is an interaction between inverters. 
where:
Similarly, the transfer function between the output voltage u0n of the inverter bridge and the grid-connected current i22 can be obtained as follows: 
Since the parallel system of the two inverters is a multi-input and multi-output system, the relationship between the output voltage u0n and the grid-connected current i2n of the inverters is as follows:
( ) 
From Equations (7)- (9), it can be deduced: 
Then the total current ig of grid connection is:
By comparing the grid-connected current i2n with the total grid-connected current ig, it can be seen that the grid-connected current of the inverter n is composed of two parts, that is, 1 and 2 inverters. A part of the current exists between the inverters and does not flow into the grid. The current of each group of inverters is equal, but in the opposite direction, it is called interactive current. The expression of the interactive current is as follows:
The other part of the current flows into the grid. The current of each group of inverters is equal in value and direction, which is called the common current. The expression of the common current is:
The relationship between the interactive current and the common current in the system is shown in Figure 7 . 
Resonance Analysis of Parallel Systems
From Equation (12) 
From Equation (13) 
From Equations (14) and (15), two resonance frequencies can be obtained respectively: Figure 8 shows the amplitude-frequency characteristics of Gic and Gcom with the same capacity inverters. From the comparison of Figures 4 and 8 , it can be seen that the resonance of the interactive current was only affected by the resonant point ωres1, which was related to the parameters of the LCL filter and was the same as the resonant frequency of the single inverter in the ideal state, that is, the resonant frequency of the LCL filter itself; and the resonance of the common current was affected by the resonant point ωres2, which was not only related to the parameters of the LCL filter, but also related to the grid impedance Lg. The total impedance of the grid-connected system with N identical inverters equally increased by N times [9] , and the resonance frequency of the system was the same as that of the common resonance point ωr.
( ) Figure 9 shows the amplitude-frequency characteristics of Gic and Gcom with different capacity inverters. Different from the parallel system of the same capacity inverters, when different capacity inverters are connected in parallel, the two resonance points acted on the interactive current and common current simultaneously, and the interactive current resonance ωres1 and common current resonance ωres2 were offset. The values of the two resonances were correlated with the parameters of LCL filter of each inverter and the impedance Lg of the grid.
When a single inverter was connected to the grid, there was only interaction between the inverter and the impedance of the grid. Active damping control can effectively suppress the single resonance. In the parallel system of multi-inverters, each group of inverters adopted independent grid-connected control, and active damping of each group of inverters can suppress common current resonance ωres2, but not interactive current resonance ωres1. Therefore, traditional active damping suppression is not suitable for multi-inverters parallel operation system. 
Resonance Suppression Strategy for Parallel Systems
Improved System Control Strategy
In order to solve the multi-resonance problem of the parallel system of two inverters, an active capacitive current damping method based on digital notch filter was adopted in this paper. Figure  10 shows an improved system control block diagram. Based on the active damping suppression of capacitive current, a digital notch filter was designed according to the interactive resonance point, and a current loop controller was introduced to suppress the interactive resonance in the system. When the common resonance point of the system is slightly offset, the capacitive current feedback can still suppress its damping [20] . When the notch frequency of the notch filter was equal to the interactive resonance frequency, the digital notch filter provided an anti-resonant peak opposite to the interactive frequency to offset the positive resonance peak of the system, while in the remaining frequency bands, the gain of the digital notch filter damping was 0, which does not affect the amplitude-frequency characteristics of the remaining bands. Through the joint action of a digital notch filter and capacitive current feedback active damping, the interactive resonance and common resonance in such systems were suppressed. 
Parameter Design of Current Loop Controller
When analyzing the amplitude-frequency characteristics of less than or equal to the cut-off frequency fc of the system, it is generally considered that the capacitor branch is disconnected, and the LCL filter can be simplified to a single L-type filter for analysis. Equation (3) can be approximately equivalent to:
Proportional integral (PI) regulator is used in current loop controller.
Gi(s) can be approximately equivalent to Kp when analyzing the amplitude-frequency characteristics of greater than or equal to the system cut-off frequency fc:
At the same time, the amplitude of the system at the cut-off frequency fc is 1, that is:
From Equations (17)- (20), we can get:
The calculation of integral coefficient Ki of current loop controller is referred to in [19] , which is not described in detail in this paper. The value range of Ki is as follows: 
Design of Digital Notch Filter
The digital notch filter selected in this paper is a typical second-order notch filter. It has the advantages of less computation and good frequency selectivity. Its transfer function expression is as follows:
where ωn is the center angular frequency of the notch filter, the value is the interactive resonance frequency ωres1, and ζ is the damping coefficient. The magnitude of the value affects the anti-disturbance ability of the notch filter. In order to maintain the stability and response speed of the system, the optimum damping ratio ζ = 0.707 was adopted. For the parallel system of two inverters, a group of inverters with different capacities were selected as examples to illustrate. The parameters of a group of inverters are shown in Table 1 . Among them, the three-phase full-bridge inverter is controlled by sinusoidal pulse width modulation (SPWM), and KPWM can be approximately expressed as [19] :
When a group of two identical inverters with 8 kW capacity are running in parallel, the resonant angle frequency of the digital notch filter is 
Similarly, when two different inverters with a capacity of 8 kW and 20 kW were connected in parallel, the resonant angle frequency of the digital notch filter was 
System Simulation
In order to verify the correctness and validity of the capacitive current active damping method based on digital notch filter proposed in this paper, the simulation model of the system was established by using MATLAB/Simulink.
Grid-Connected Operation of Two Grid-Connected Inverters with the Same Capacity
When a group of inverters with 8 kW capacity are parallel connected, the improved control mode is switched to the traditional control mode at 0.2 s. Figure 11 shows the operation state waveforms of each inverter. By comparison, it can be found that before 0.2 s, the two groups of grid-connected inverters achieved stable operation. At that time, the total harmonic distortion (THD) of the output current of two inverters were 1.51% and 1.48%, respectively, and the THD of the total grid-connected current was 0.89%, which meet the requirements of grid-connected, and the voltage at the common point PCC is stable. At 0.2 s, when the control mode changed from the improved mode to the traditional mode, the output current of the two sets of grid-connected inverters, the total grid-connected current and the grid-connected common point PCC resonated, and the system was unstable. Therefore, the proposed control strategy can not only eliminate the resonance caused by the interactive current but also improve the quality of grid-connected current waveform and effectively reduce the total harmonic distortion rate of grid-connected current when the system reaches a stable state. Figure 12 is a comparison of the operation status of a group of inverters when they were in parallel with each other and when the second group of inverters was disconnected at 0.2 s. By comparison, it can be found that before 0.2 s, the two groups of grid-connected inverters achieved stable operation, the grid-connected current met the grid-connected requirements, and the voltage at the common point PCC was stable, while at 0.2 s, when the second group of inverters was off-grid, the first group of inverters only slightly oscillated during switching, and the first group of inverters still operated stably. At that time, the THD of the grid-connected current was 0.99%, and the system still maintained stable operation. As can be seen from Figure 10 , when the system was integrated or switched off, the grid-connected current quickly reached its stable state in one cycle and had fast dynamic response-ability. 
Grid-Connected Operation of Two Grid-Connected Inverters with Different Capacities
When two inverters with a capacity of 8 kW and 20 kW were used in the parallel operation, the current loop control mode of the two inverters was changed from the improved mode to the traditional mode when the current loop control mode was 0.2 s. The operation state waveform of each inverter is shown in Figure 13 . By comparison, it can be found that before 0.2 s, the two groups of grid-connected inverters achieved stable operation. At that time, the THD of the output current of a group of inverters were 1.66% and 1.03%, respectively, and the THD of the total grid-connected current was 0.88%, which met the requirements of grid-connected, and the voltage at the common point PCC of grid-connected was stable. At 0.2 s, when the control mode changed from improved mode to traditional mode, the output current of the two groups of grid-connected inverters was stable. The system was unstable due to the resonance of the total current and the PCC of the grid-connected common point. Therefore, the improved control strategy also achieved good damping suppression effect for parallel inverters with different capacities.
Two groups of different inverters were operated in parallel and switched to single inverters in parallel at 0.2 s. Figure 14 shows the operation status of each inverter. By comparison, it can be found that before 0.2 s, the two groups of grid-connected inverters achieved stable operation, the grid-connected current met the grid-connected requirements, and the voltage at the common point PCC was stable, while at 0.2 s, when the second group of inverters was off-grid, the first group of inverters only had slight oscillation during switching, and the first group of inverters still operated stably. At that time, the THD of grid-connected was is 1.02%, and the system still maintained stable operation. It can be seen from Figure 11 that the parallel system of different capacity inverters still had fast dynamic response capability and good dynamic performance when switching the inverters. 
Conclusions
In view of the resonance phenomenon of parallel operation of multi-inverters in the weak power grid, the resonance frequency characteristics of parallel inverters with the same and different capacities are studied comparatively. The results show that the interactive resonance between grid-connected inverters is only related to LCL filters in parallel systems with the same capacity, while in parallel systems with different capacity inverters, the interactive resonance between grid-connected inverters is related not only to the LCL filters of each group of inverters but also to the impedance of power grid.
Based on the interactive resonance in a multi-inverters parallel system, a digital notch filter was designed, which was introduced into the traditional capacitive current feedback active damping control to realize the suppression of multi-resonance points and meet the grid-connected requirements of such systems. The simulation results verify the correctness and effectiveness of the proposed strategy. 
